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The addition of biodegradable carbon sources to sand filters can enhance microbial activity but may 
lead to substrate clogging, a major operational problem.  In laboratory-scale soil columns emulating 
vertical up-flow filters, the clogging effect of two readily biodegradable organic substrates—sucrose 
as a sugar source and ethanol as an alcohol source—were examined with coarse sand as the 
substrate medium. Wastewater without the addition of supplemental organics and a ‘control’ 
treated with tap water were monitored as references. Changes in saturated hydraulic conductivity 
were measured for all treatments over time. Other parameters that can influence the clogging rate, 
including temperature, dissolved oxygen, chemical oxygen demand, protein, and polysaccharides, 
were measured in the influent and effluent wastewater on a weekly basis. At the end of the clogging 
experiment, the main layer of each filter bed was separated into three sections and saturated 

















measured in each section. The rate of clogging development in the columns depended on treatment, 
with ethanol-treated cores clogging more quickly than sucrose-treated cores. Wastewater-treated 
cores took far longer to clog and the tap water control did not clog, but the saturated hydraulic 
conductivity declined by 60% over a year. Saturated hydraulic conductivity within the treated cores 
declined far less than the calculated decline in saturated hydraulic conductivities for the entire cores 
at the end of the experiment, indicating that clogging in the vicinity of the inlet plate by microbial 
mats was a major factor influencing the reduction in flow through the columns. To reduce bio-
clogging in inlet filters, it may be advantageous to inject organic amendments directly into the bed, 
rather than pass them through the filters, as is usually the case.   
Keywords:  Biodegradable carbon sources, Microbial clogging, Vertical up-flow, Sand filters, Sucrose, 
Ethanol. 
1. Introduction  
Adding a soluble organic source can potentially enhance nutrient decay and microbial growth in sand 
filters, but may lead to clogging (Hua et al., 2014). Clogging is a gradual accumulation of solids within 
filter media (Stefanakis et al., 2014). Clog matter can considerably reduce pore spaces in the 
granular medium because of its lower density (Knowles et al., 2011). Clogging is often initiated in the 
top zone of the main filter layer, where abundant biological growth can occur due to contact 
between the fine media, nutrients, and organic matter in the influent wastewater (Martikainen et 
al., 2018). Gajewska (2013) reported that bed clogging is influenced by organic matter accumulation. 
Wanner (1994) considered all saccharides (including monosaccharides, disaccharides, and 
polysaccharides) and alcohols (except methanol) to be readily biodegradable substrates, which are 
easily assimilated by microorganisms. Sucrose is a disaccharide sugar, which must break down into 
two monosaccharides before becoming available for hydrolysis or assimilation (Wanner, 1994). 
Ethanol as an alcohol substrate, must transform into acetate before being used by microorganisms 

















Various studies have tested clogging effects of glucose (as a type of soluble organic substrate); 
(Caselles-Osorio and García, 2006; Ehlinger et al., 1987; Frankenberger et al., 1979; Zhao et al., 
2009), starch (as a particulate organic substrate) (Caselles-Osorio and García, 2006; Zhao et al., 
2009), sucrose (Kim and Fogler, 2000; Lappan and Fogler, 1996; Soares et al., 1989), propanol and 
methanol (Frankenberger and Troeh, 1982), ethanol, sodium acetate and potassium formate (Soares 
et al., 1989), and volatile fatty acids (Ehlinger et al., 1987). Easily biodegradable organic carbon 
sources supply high-energy yields and hence stimulate bio-clogging (Ehlinger et al., 1987; 
Frankenberger and Troeh, 1982; Frankenberger et al., 1979; Soares et al., 1989; Stewart and Fogler, 
2001). Extracellular polymeric substances (EPS) refer to various classes of polymeric compounds, 
including polysaccharides, proteins, nucleic acids, lipids, and other macromolecules, which 
commonly occur in the intercellular spaces of microbial aggregates (Flemming and Wingender, 
2001). Most clogging studies have assumed that EPS forms the bulk of the biomass and are the main 
component of biofilms (Thullner, 2010; Vandevivere and Baveye, 1992). EPS, leading to biomass 
build-up and hence clogging (Avnimelech and Nevo, 1964; Ehlinger et al., 1987; Frankenberger et al., 
1979; Lappan and Fogler, 1996; Mitchell and Nevo, 1964). Some researchers have found positive 
correlations between exopolymer accumulation and clogging severity (Avnimelech and Nevo, 1964; 
Chang et al., 1974; Mitchell and Nevo, 1964), while others have found no relationship (Hilton and 
Whitehall, 1979; Jawson, 1976; Thomas et al., 1966). 
Some studies have shown that the intensity of clogging is greatest at the inlet of the column, due to 
the highest nutrient concentration occurring at this location. Clogging can be accentuated at the 
inlet if a biomass mat is formed (Baveye et al., 1998; Vandevivere and Baveye, 1992). 
In this study, we monitored the evolution of clogging in sand filters by applying an intermittent 
saturated up-flow mode to (1) examine whether clogging occurs with the addition of two readily 
biodegradable organic substrates that are potentially useful for enhancing microbial activity (sucrose 

















and biomass accumulation; and (3) observe whether more pronounced clogging occurs at the inlet 
area, compared to the  pore spaces of the filter bed.  
2. Materials and methods 
2.1. Experimental setup and sampling procedure 
Seven identical Perspex laboratory-scale vertical upward flow columns were set up in the laboratory 
with shutoff valves at the base of each core and a filter medium of coarse sand. The bases of the 
columns were fitted with drilled plastic filters (with gauze on top) to support the sand layer and 
evenly percolate wastewater through the bed. Table 1 shows the major characteristics of the 
columns used.  
Of the seven columns, one was used as a control (with only tap water) and the remaining six were 
fed with inorganic nitrogen synthetic wastewater. These six columns were divided into three groups, 
each with two replicates. Groups 1 and 2 were fed ethanol (ETH) and sucrose (SUC), respectively, as 
sources of organic carbon in addition to inorganic synthetic wastewater. Group 3 was only fed 
inorganic wastewater (WW). The synthetic wastewater recipe is described in Zhang et al. (2010) 
(Table 2).  
For every core, wastewater was fed from a header tank, which percolated upward from the base of 
the column. We applied upflow to uniformly distribute treated water through the filter beds. The 
shutoff valves were closed once the wastewater level reached the surface of the sand bed. The 
hydraulic head was recorded as the distance from the level of the header tank to the water surface 
of the saturated column. After opening the valve, the time required for the water to rise to 2 cm 
above the surface of the medium was recorded. The water volume that accumulated on the surface 
of the sand was removed and recorded to determine the discharge rate (Figure 1). The described 
feeding procedure was repeated three times at each sampling interval, and the values averaged and 

















to examine clogging as it could progress under static conditions. Clogging development was 
monitored weekly by measuring changes in saturated hydraulic conductivity over time. Complete 
clogging was the point at which the flow had effectively ceased.  
Hydraulic conductivity was calculated from Darcy’s Law using the constant water head method (Zhao 
et al., 2009). For upward flow (Figure 1):    
Ksat = (Q/A) x (L/ΔH)                                                                                                                                               1 
Where: Ksat is saturated hydraulic conductivity (L/T), Q is discharge flow rate (L3/T), L is thickness of 
the sand layer (L), A is cross-sectional area of the bed (L2), and ΔH is applied hydraulic head (L). 
The amounts of ethanol and sucrose added to each filter bed were determined from the 
stoichiometric relationships of carbon degradation with nutrients. Increasing the concentration of 
the supplied carbon source can accelerate the occurrence of clogging (Thullner, 2010; Choi et al., 
2017 ). Therefore, the added C/N ratio was initially set to 2 (stage 1) and then increased to 4 after 
105 days (stage 2) to accelerate the clogging process for both ethanol and sucrose columns under 
laboratory conditions. The average hydraulic retention times were 96, 86, 46, and 24 minutes for 
ETH, SUC, WW, and CONT columns respectively over the experimental period. 
2.2. Analytical measurements 
Column sub-section samples 
Once clogging had progressed to the point where outflow had effectively ceased, each column was 
stored in the freezer to stop the growth of microorganisms. The biofilms generated at the inlet area 
(when clogging occurred) were collected and analysed for protein and polysaccharides 
concentrations. After freezing, the column with the main layer of the filter bed was then cut into 
three 7.5 cm sections using an electric band saw and each section placed on a porous sieve base. 

















chambers caused severe clogging by forming an impenetrable mat on the inlet mesh. To understand 
the clogging phenomenon, the head profile along the medium sections needs to be measured 
(Thullner, 2010). Therefore, the Ksat values along different sections of soil were tested at the end of 
the experiment (after freeze–thaw and dividing the soil sections). After thawing, the saturated 
hydraulic conductivity for each layer was tested in triplicate by measuring the rate of supply to a 
small ponded head on the soil surface and applying Darcy’s equation for vertical flow through a 
column with the base open to the atmosphere. In this case, the hydraulic gradient is (H+L)/L, where 
H is the height of water ponded on the column surface. For very small values of H (0.2 cm in these 
tests) the hydraulic gradient is very close to 1.  
The major constituents of biofilms are bacterial cells and exopolymers. Polysaccharides can be 
defined as an extracellular matrix of the biofilm. Polysaccharides occupy more than 65% of 
extracellular materials (Lazarova and Manem, 1995). Moreover, the adhesive characteristic of 
polysaccharides can eventually lead to clogging (Hua et al., 2014). Polysaccharides produce a portion 
of the biofilm composition. Thus, a polysaccharides test is a good indicator of the composition of the 
biofilm. An extensive review of biofilm characterization and activity analysis in water and 
wastewater treatment recommended the total protein content test as an effective and simple assay 
of microbial activity (Lazarova and Manem, 1995). Ehlinger et al. (1987) reported that the protein 
content test could be used to examine the bacterial part of biofilm. Overall, proteins and 
polysaccharides form most of the EPS (Hua et al., 2014) that are important for biofilm stimulation. 
The connection of a cell to a solid matrix can be promoted by EPS, which in turn can sustain the 
capability of biofilm to maintain a multicellular structured microbial community (Hua et al., 2014). 
The build-up of organic matter (OM) within the main substrate is one of the major causes of clogging 
(Rodgers et al., 2004; Zhao et al., 2009). 
The loss on ignition (LOI, %), and protein and polysaccharide concentrations (mg/L) in all sections 

















soil layers was carried out as described by Ogunseitan (1993) using ‘the boiling method’ 
(Supplementary data). After extraction, the protein contents in the soil samples were determined 
using a Protein Assay Kit-method 23200 of Bradford Pierce Coomassie (Thermo Scientific). To extract 
the polysaccharides from soil sections, the ‘hot water’ method was performed  as described by 
Ghani et al. (2003) (Supplementary data). The polysaccharide contents in the soil samples were 
determined using the anthrone–sulfuric acid method (Frolund et al., 1996; Gerhardt et al., 1994). 
The LOI method was performed according to Nelson and Sommers (1996) to determine the OM 
content in sand layers. The LOI (%) is calculated from the difference in dry weight between the 
ignited and heated samples divided by the heated sample. The collected biofilms generated at the 
inlet area (when the out flow had ceased) were collected and photographed at the end of the 
experiment (Figure 4).   
 3. Results 
3.1. Saturated hydraulic conductivity (Ksat) 
Clogging development can be tracked by Ksat measurements over time (Hua et al., 2010). The relative 
changes in Ksat over time (Ksat/Ko, where Ko is the initial Ksat at time zero) for all configurations are 
shown in Figure 2.  
The relative saturated hydraulic conductivity decreased over time for all treatments. By the end of 
the first 105 days, the tap water control had declined to 89% of the original value. In comparison, 
the WW treatments had declined to 67%, and the SUC and ETH treatments to 70% and 37–46% 
respectively. Relative to the tap water control, this represents additional declines in relative 
saturated hydraulic conductivity due to potential clogging of 22% for WW, 19% for SUC and 43–52% 
for ETH.   
After 105 days, doubling the input C load resulted in a sharp decline in the relative saturated 

















treatments. In contrast, the rate of clogging remained relatively constant in the control and 
appeared to slow slightly after about 200 days in the WW treatments.  
Final clogging occurred first in the ETH columns (105 days for ETH1 and 154 days for ETH2), followed 
by SUC (231 days for SUC1 and 238 days for SUC 2) and WW (364 days for WW1 and 343 days for 
WW2). At the end of the experiment, the relative saturated hydraulic conductivity of the CONT 
treatment was at 40% of the starting value.  
 
3.2. Column sub-section samples 
Figure 3 shows the results of polysaccharides, protein, and organic matter contents for filter bed l 
sections at the end of the experimental period. Polysaccharides generally ranged from 110–120 
mg/L, proteins from 310–370 mg/L and OM contents from 0.3–0.5%. Compared to the original filter 
sand, the average polysaccharide, protein, and OM contents increased by about 4, 2.5, and 1.6 
times, respectively, for each column across all treatments. 
The average polysaccharides concentrations in the accumulated biomass near the inlet ranged from 
150–165 mg/L across all treatments. close to the base plate, the average concentrations of 
polysaccharides and proteins were 1.3 times greater than observed in the samples from the rest of 
the column. However, the average concentration of proteins at the inlet area was 0.7 times less than 
the total proteins developed across the CONT column sections, indicating a lower concentration of 
the bacterial part of the biofilm in the CONT column at the inlet area than inside the sand column 
and hence the sand was relatively inert biologically. 
For this experiment, in the lower layer above the inlet filter plate (0–7 cm), average Ksat values were 
661, 468, 616, 513, 577, 648, and 616 mm/h for ETH1, ETH2, SUC1, SUC2, WW1, WW2, and CONT 
columns, respectively. In the middle layer (7–14 cm), average Ksat values were 477, 488, 545, 545, 

















In the upper layer (14–21 cm), average K values were 498, 351, 407, 577, 611, 506, and 475 mm/h 
for ETH1, ETH2, SUC1, SUC2, WW1, WW2, and CONT columns respectively. However, all values can 
be regarded as unclogged compared to Soares et al. (1989), who found that sand columns treated 
with ethanol and sucrose clogged with a final K values  between 0-125 mm/hr. 
All results for saturated hydraulic conductivity, organic matter %, and polysaccharide and protein 
contents are summarised in Table 3.  
Data on treatment efficiency (including dissolved oxygen and nitrogen removal) can be found in the 
supplementary section. 
4. Discussion 
4.1. Saturated hydraulic conductivity 
In general, the Ksat/Ko ratios initially declined in all treatments, including the control (Figure 2). In the 
tap water control (CONT), this decline was attributed to encapsulated air effects and biological 
clogging of soil pores (Frankenberger and Troeh, 1982). All other treatments had a greater rate of 
decline relative to the control, which was attributed to the addition of an external organic source 
and nutrients, resulting in enhanced microbial growth.   
Ethanol has a higher catabolism capability to produce NADH2, an energy source for microorganisms 
that is easier to metabolise than sucrose (Constantin and Fick, 1997). Sucrose comprises two 
monosaccharide sugars (glucose + fructose) that snap together to form a disaccharide. Disaccharides 
are considered simple sugars but must break down into two monosaccharides before becoming 
available for assimilation (Inamdar, 2012). Soares et al. (1989)  monitored clogging in sand columns 
saturated with ethanol and sucrose. The initial Ksat value for both treatments was 1250 mm/h, 
reaching a final Ksat value of 125 mm/h after the filter clogged in the ethanol column, while the 
sucrose column was close to zero as it clogged earlier than ethanol. In contrast, in our study, the 

















conductivity for both treatments at clogging (0.1) agreed with that of Soares et al. (1989). McCalla 
(1951) only tested sucrose as a carbon source on clogging of soil columns; Ksat for sucrose declined 
by 91%, relative to 50% in the control, by the end of the experiment (when clogging occurred). These 
reductions are similar to our results (95% for sucrose and 40% for the control).  
The difference in the time required for clogging in the two ethanol columns could be due to a 
blockage in the inlet mesh, which would affect the transformation of wastewater to the filter bed 
(Baveye et al., 1998; Vandevivere and Baveye, 1992). The ETH1 column generated more 
polysaccharides in the lower section of the soil (after clogging) than the ETH2 column that clogged 
first, lending support to this explanation. Kim et al. (2010) concluded that clogging could be 
accelerated from the entrapment and build-up of sloughed biofilms rather than local growth of 
biofilms. Furthermore, Kim and Fogler (2000) reported that biofilm resistance to shear stress near 
the base film becomes stronger as exopolymers in the biomass become denser and eventually form 
a gel.  
In our study, the WW columns also clogged, after 364 and 343 days of system operation for WW1 
and WW2, respectively. Clogging under conditions of only wastewater addition could be due to the 
availability of an internal organic source (activated sludge), which eventually accumulated, forming 
occlusions in the interstitial spaces and lowering the saturated hydraulic conductivity (Knowles et al., 
2011). Accordingly, accumulation of organic matter produced a blanket near the interface of the 
column, leading to clogging (Knowles et al., 2011). Thullner (2010) reported bio-clogging in natural 
porous media without the addition of a carbon source. Frankenberger et al. (1979) noted that 
adding 50 mg/L of total nitrogen as a N source also produced bacterial metabolic products.  
Despite feeding only tap water to the CONT column, there was a noticeable decline in the relative 
saturated hydraulic conductivity over time. Gupta and Swartzendruber (1962) used deionized water 
in the reference column and observed a decline in Ksat over time, which they attributed to the 

















treatment declined the least, relative to the  other treatments, possibly because the available 
nutrients and energy were inadequate to stimulate bacterial production of metabolic products 
(Frankenberger et al., 1979). A decline in hydraulic conductivity has been attributed to factors such 
as gas production, destruction of soil structure by microbes, and build-up of metabolic products in 
soil pores (Frankenberger et al., 1979). Gases formed by microbes may reduce saturated hydraulic 
conductivity by blocking of pore spaces and stimulating particle movement (Frankenberger et al., 
1979). Allison (1947) reported that the characteristics of the tap water used in the Ksat test are 
important since most tap waters contain some bacteria and traces of soluble organics. The final Ksat 
value of the CONT column in our experiment was close to the data obtained by McCalla (1951). 
4.2. Column sub-section samples 
Clogging can be attributed to three mechanisms: physical, chemical, and biological. Since the ethanol 
and sucrose substrates in this experiment were prepared synthetically and therefore free from 
suspended solids, clogging would be either chemical or microbiological. Nitrogen compounds were 
measured in all treatments over time, but no excessive accumulation of these compounds was found 
(Figure A2-supplementary data), which might affect the clogging process, so clogging is essentially 
microbiological. This is in agreement with Laaksonen et al., (2017) and is also supported by the fact 
that ethanol and sucrose are well-known microbial stimulators (Kim and Fogler, 2000; Lappan and 
Fogler, 1996; McCalla, 1951; Stewart and Fogler, 2001) with the possible involvement of biologically 
produced gas bubbles (Soares et al., 1989).  
The build-up of polysaccharides greatly affects the hydraulic conductivity of the sand at the inlet 
section of the column, where most of the polysaccharides were detected (Button et al., 2015; 
DeLozada et al., 1994; Gupta and Swartzendruber, 1962; Ragusa et al., 1994; Vandevivere and 
Baveye, 1992). However, the only study that used plate at the entrance area was conducted by 
Vandevivere and Baveye (1992), who found that the Ksat dropped much faster when the wastewater 

















Ehlinger et al. (1987) studied the effect of two different substrates—glucose and volatile fatty acids 
(VFA)—on biofilm and clogging development in upflow anaerobic filters. Protein concentrations 
ranged from 1500–3400 mg/L for glucose and 500–2000 mg/L for VFA. The range of polysaccharides 
concentration was 1500–6500 mg/L for glucose and 250 –1500 mg/L for VFA. Hua et al. (2014) 
added glucose as the only C source to the main nutrient medium and measured protein (1300 mg/L) 
and polysaccharides (900 mg/L) for the clogged system. Rinck-Pfeiffer et al. (2000) tested 
polysaccharide concentrations along different depths of an upflow column treated only with 
wastewater without any organic carbon additives. They found that polysaccharides ranged from 
500–1000 mg/L in the lower layer near the inlet area, 200–500 mg/L in the middle layer, and 100–
300 mg/L in the upper layer. Rodgers et al. (2004) studied clogging on down flow sand filters. They 
found that LOI was 2.35% at the upper layer where clogging occurred.  
In the current study, most of the OM content, protein, and polysaccharides that resulted from 
biofilm growth were distributed uniformly through the layers, with no clear relationship between Ksat 
and biomass build-up (Figure 3a– d). The range of polysaccharides and protein concentrations, and 
OM contents detected by Ehlinger et al. (1987); Hua et al. (2014); Rinck-Pfeiffer et al. (2000); 
Rodgers et al. (2004) using different organic C sources (column sub-section results section) was 
higher than our results. We could, therefore infer that clogging in the vicinity of the inlet plate was 
the main mechanism because the whole column Ksats declined over the experimental period and 
hence the flow had effectively ceased, whereas the Ksats of sectioned cores were much higher and 
indicative of the non-clogged conditions. To our knowledge, no study has tested polysaccharides, 
proteins, and OM contents in clogging experiments using sucrose and ethanol as carbon sources. 
5. Conclusion 
This prolonged investigation included the addition of two readily biodegradable organic carbon 
sources: sucrose as a sugar source and ethanol as an alcohol source—to sand columns that were 

















–154 days and 231– 238 days, respectively. Columns fed only with wastewater blocked after 350–
364 days. Despite feeding only tap water to the control column, there was a noticeable decline in 
saturated hydraulic conductivity over the experimental period, but no clogging.  
Although microbiological activity and growth altered the hydraulic profiles in the system for all 
treatments, it is clogging in the vicinity of the inlet plate that impacted the time course of the 
reduction in column outflow rates to a greater extent than internal pore clogging for several 
reasons. The first reason is the difference between the whole column clogging Ksat results and the 
filter bed section results. The second reason is that the measured biomass in the column sections 
was evenly distributed and considerably less than reported for clogged cores in the literature 
(Ehlinger et al., 1987; Hua et al., 2014; Rinck-Pfeiffer et al., 2000; Rodgers et al., 2004) with no clear 
relationship between clogging and biomass accumulation.  
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Figure 1. Schematic diagram of the experiment 
Figure 2. Relative saturated hydraulic conductivity (Ksat/Ko) over time 
Figure 3. (a) Ksat (mm/h), (b) protein concentrations (mg/L), (c) polysaccharides concentrations 
(mg/L), and (d) OM (%) at different sand depths above the base, values are mean±SE (n=3) 
Figure 4. Accumulated biomass at the inlet area. (a–b) ETH columns, (c–d) SUC columns, (e–f) WW 
columns, and (g) CONT column. The size of the entangled biomass (yellow line) ranged from 3–14 
mm, 3–18 mm, 3–16 mm, 3–14 mm, 3–10 mm, 3–12 mm, and 500 µm for ETH1, ETH2, SUC1, SUC2, 


















Table 1. Characteristics of the laboratory-scale VFCWs 
Parameters Values and units 
Column height 34 cm 
Height of coarse sand bed 22 cm 
Internal diameter 6 cm 
Surface area 28.26 cm2 
Volume of coarse sand bed 621.72 cm3 
Average coarse sand diameter  0.7 mm 
Dry bulk density  1.45 g/cm3 
Average sand bed porosity 45 % 
Average column pore volume 





















Table 2. Synthetic wastewater recipe 

























































Table 3: Values of Ksat (mm/hr), protein and polysaccharide contents (mg/L), and organic matter 





Column (Mean ± L SD) 
     ETH1                ETH2           SUC1        SUC2               WW1             WW2       CONT 
Ksat Lower 661 468 616 513 577 648 616 
Middle 477 488 545 545 645 574 577 
Upper 498 351 407 577 611 506 475 
Protein Lower 360.3±5.2 354±17.1 374±7.1 418.7±3.5 326±2.6 346±3.2 326±7.1 
Middle 312.7±12.4 328±15.7 363.3±14.7 308.3±12.3 320.7±5.5 332.7±8.1 326.7±12.7 
Upper 337±4 322.7±3.8 230.6±8.1 311.3±6.5 323.6±3.8 333.3±3.3 326±2.6 
Polysaccharides Lower 136.7±3 117.3±4.7 125.3±2.7 120±11.8 121.3±0.9 111±0.6 113±0.6 
Middle 118.3±2.9 116±4 112.3±4.8 112.7±0.7 122±0.6 112.6±2 111±1.2 
Upper 115.6±0.3 115.3±0.3 112±4 117.7±0.7 116.7±0.9 117.6±1.9 116.3±1.3 
Organic matter  Lower 0.47±0.04 0.3±0.02 0.57±0.02 0.35±0.007 0.48±0.05 0.38±0.03 0.46±0.006 
Middle 0.41±0.008 0.46±0.03 0.44±0.03 0.34±0.03 0.45±0.04 0.4±0.008 0.45±0.02 



















 Ethanol caused clogging earlier than sucrose in vertical flow sand filters. 
 Plate clogging was the dominant mechanism. 
 Clogged material was evenly distributed within the filter bed. 
 Biomass accumulation within the filter bed was not the major cause of clogging. 
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